Abstract: This paper presents laboratory analysis of optimum surfactant concentration needed for Niger delta oil recovery in Nigeria. Eight experiments were carried out on a crude sample from the field with different surfactant concentrations to water (0.1%, 0.3%, 0.5%, 0.7%, 0.9%, 1.1%, 1.3%, 1.5% surfactant) using glass beads to simulate the actual field process. Brine saturation, oil saturation, water flooding, surfactant flooding and polymer flooding were done for each of the eight experiments performed and the resulting recoveries were analysed and compared. Then, the optimum surfactant concentration was identified. The results show that 0.9% surfactant concentration is the optimum concentration needed for flooding in this field. Any concentration more than or less than 0.9% would yield less than the optimum recovery. It would be uneconomical to maintain a surfactant concentration higher than 0.9%. Recovery does not necessarily increase with increasing surfactant concentration in the mobilising slug. The field operators in this field are hereby advised to consider 0.9% surfactant concentration.
Introduction
The increased demand for crude oil as well as depleting world oil reserves has not just pushed for unrelenting efforts in research to keep up with these demands but resulted in a great progress made either in laboratory studies or in pilot tests for chemical enhanced EOR processes in some parts of the globe. From the earliest days, it was recognised that capillary forces caused large quantities of oil to be left behind in well-swept zones of waterflooded oil reservoirs. Capillary forces are the consequence of the interfacial tension (IFT) between the oil and water phases that resists externally applied viscous forces and cause the injected and back-up connate water to locally bypass oil. Similarly, early efforts of enhanced oil recovery strove to displace this oil by decreasing oil-water IFT and increasing viscosity of the mobilising slug. And the proper use of adequate surfactant concentration has really proved handy for producing ultra-low IFT.
These days, it's been acknowledged that chemical EOR flooding techniques have gained importance in enhanced oil recovery to recover the trapped oil after conventional recovery in the recent years. This is because a great progress has been made either in laboratory studies or in pilot tests for these EOR techniques especially for surfactant, surfactant/polymer, alkaline/surfactant, alkali/surfactant/polymer (ASP) and surfactant/ alkali/polymer (SAP) combination flooding (Zhang et al., 2007; Daoshan et al., 2004; Thomas and Farouq Ali, 2001; Zerpa et al., 2005; Wang et al., 2011) . Wang et al. (2007) defined ASP flooding is a chemical EOR technique which is developed out on the basis of alkali flooding, surfactant flooding and polymer flooding. Oil recovery is enhanced by decreasing IFT, increasing capillary number, enhancing microscopic displacing efficiency, improving mobility ratio and increasing macroscopic sweep efficiency. revealed in their work that microscopic displacement efficiency largely determines the success or failure of a process. Al-Sahhaf et al. (2002) and Gao et al. (1995) observed in their experimental work that alkali forms soaps by reacting with naturally occurring organic acid in the crude oil, which interact synergistically with added surfactant to produce ultra-low IFT which is the main focus of this research. The ultra-low IFT is obtained by surfactant distribution between oil and water phase, and surfactant arrangement at interface of oil/water. This is controlled by pH value and ionic strength. Walters and Jones (1989) stated that the addition of polymer increases the viscosity of its aqueous phase so that the mobility of aqueous phase decreases. Thus, the decrease in mobility ratio greatly increase sweep efficiency. This was also confirmed alongside the achievement of the main objective. Guo and Huang (1990) stated that another main accepted mechanism of mobile residual oil after water flooding is that there must be a rather large viscous force perpendicular to the oil-water interface to push the residual oil. This force must overcome the capillary forces retaining the residual oil, move it, mobilise it, and recover it. Wang et al. (2010) studied the viscoelastic effect of retained polymer molecules in porous media based on the pressure draw-down and buildup process.
Under the same displacement efficiency as that of surfactant/polymer flooding, the ASP and SAP flooding reduce the concentration of surfactant by more than ten times, as well as the capital cost of the surfactant (Samanta et al., 2012) . Two pilot tests of ASP and SAP flooding have been successful in China. The one (SAP) is in Daqing Oil Field for waxy crude oil of low acid (Gao et al., 1996) , and the other (ASP) is in Shengli Oil Field for the high acid oil (Song et al., 1995) . Some appreciable research works carried out on chemical EOR flooding by different researchers could also be found. The simultaneous injection of alkali and polymer is more effective than the same chemicals injected sequentially with no contact between alkali and polymer. Tong et al. (1998) and Guo (1990) reported that the main mechanisms of ASP flooding are interface producing, bridging between inner-pore and outer-pore and oil-water emulsion.
Substantial comparative research works have been carried out worldwide on chemical EOR flooding by different researchers as reviewed in this research. Interestingly, none of the researchers really extensively worked on surfactant flooding as a chemical EOR process. This was unravelled in this research by carrying out eight experiments on a crude sample from the field with different surfactant concentrations to water (0.1%, 0.3%, 0.5%, 0.7%, 0.9%, 1.1%, 1.3%, 1.5% surfactant) using glass beads to simulate the actual field process. Water flooding, surfactant flooding and polymer flooding were done for each of the eight experiments performed and the resulting recoveries were analysed and compared. Then, the optimum surfactant concentration was achieved. The idea to work on the adequate surfactant concentration in these fields arises as a result of the reservoir fluid properties and the depleting reserves in this region.
Theoretically, when two immiscible liquids, hydrocarbon liquid and water are brought into contact and a surfactant is added to the system, surfactant molecules absorb at the interface, displacing some of the hydrocarbon liquid and water molecules there. The surfactant molecule orient themselves such that the hydrophilic part is directed into the water phase and the hydrophobic part into the hydrocarbon liquid phase. Accumulation of the surfactant in the interfacial zone disrupts the fluid structure in the region and increases (the pressure that is transverse and lies in the plane of the interface). This is reflected in the rapid decrease in the IFT as the surfactant concentration increases to CMC. Surface-active agents or surfactants are chemical substances that adsorb on or concentrate at a surface or fluid/fluid interface when present at low concentration in a system (Green and Willhite, 1998) . They alter the interfacial properties significantly, in particular, they decrease the surface tension or IFT and can even produce ultra-low IFT.
Here is a brief review of surfactant flooding. These are encapsulated thus, however, they were all done with different approaches and several challenges were confronted with when compared to this present research. Onuoha and Olafuyi (2013) stated that surfactants have been investigated for use in enhanced oil recovery for over 40 years. Gogarty (1967) in his early work, focused on the injection of micro emulsions containing high concentrations of surfactant, co-solvent and oil which while technically successful was not economically viable due to the high chemical costs and low oil price at the time. Later works focused on reducing the amount of chemical required and emphasised low concentration aqueous surfactant solutions with polymer added for mobility control rather than the injection of a micro emulsion. Some researchers provided an overview of surfactant flooding developments up to 2000, including the development of EOR surfactants with ethylene oxide (EO) and propylene oxide (PO) groups. They did not work on extensive review of alkaline-SP flooding even though that has been a major emphasis since about 1984. Another trend in the literature involves a more empirical approach, whereby the chemicals (which may include one or more surfactants, co-solvent, alkali, etc.) observed to exhibit the lowest IFT given the investigated crude, reservoir temperature, and often formation salinity is taken as optimum, and an SP slug is injected at these conditions. Major weaknesses of this approach include lack of robustness to measurement error and local heterogeneities and susceptibility of surfactant to phase trapping. Wu studied the surfactant flooding optimisation for several field scale projects. His focus was primarily on onshore sandstone reservoirs, and his optimisation study focused on chemical concentrations, slug sizes, and adsorption. In addition, an economic analysis was used to determine the optimum design. He concluded that a large surfactant slug size at low concentrations was the optimum design. However, it is important to understand that his results were heavily dependent on the low price of oil at the time of his study and on an assumed very low value of surfactant adsorption. When a surfactant solution has been injected into the reservoir, the injected solution effectively controls the phase behaviour properties in the oil reservoir, thus mobilising the trapped crude oil by lowering the IFT between the injected liquid and the oil. The oil bank will start to flow and mobilise any residual oil in front of the bank. Re-trapping of the oil bank is prevented by the surfactant slug flowing behind. Nowadays many mature reservoirs under water flood have decreasing production rates despite having 50%-75% of the original oil in place left inside the reservoir. In such cases, it is likely that surfactant flooding can increase the economic productivity. Surfactant systems are sensitive to high temperature and high salinity therefore surfactants that can resist these conditions should be used (Green and Willhite, 1998) . Polymers are also often added to the injected surfactant solution, to increase viscosity, thus maintaining mobility control. The optimisation criterion in surfactant flooding is to maximise the amount of oil recovered, while minimising the chemical cost. While it is necessary to reach low IFT for the surfactant system, minimising only the IFT may not always coincide with optimal oil recovery, as low IFT is not the only essential condition to meet in order to get a successful and efficient oil recovery. E.g., attention to the optimal salinity is crucial to include as well.
The main objective of this paper is to present laboratory analysis of optimum surfactant concentration needed for Niger delta light oil recovery in Nigeria achieved by carrying out eight experiments on a crude sample from the field with different surfactant concentrations to water (0.1%, 0.3%, 0.5%, 0.7%, 0.9%, 1.1%, 1.3%, 1.5%) using glass beads to simulate the actual field process.
Experimental study

Materials used
Teepol and Gum Arabic were the surfactant and polymer used respectively. Water impregnated with sodium chloride salt was used to prepare the brine. Crude oil from a typical Niger Delta oil reservoir with specific gravity 0.865 and API gravity of 320 and dark brown in colour was used. A core holder was used to hold the core (bulk volume of 112.9 cc). The glass beads packed in the beads pack were used as the porous media. Teledyne Isco Pumps and beakers were used. Measuring cylinder and magnetic stirrer were used to accurately measure the volume of liquid and for mixing respectively.
Chemical slugs preparation
The following slugs were formulated for the flooding processes.
Brine preparation
2% brine by weight was dissolved in 98% water, stirred using the magnetic stirrer and filtered.
Polymer preparation
10% by weight of polymer (Gum Arabic) was oven dried, milled to powder form and sieved. The sieved polymer was dissolved in 90% water and mixed with an electric stirrer.
Surfactant preparation
0.1%, 0.3%, 0.5%, 0.7%, 0.9%, 1.1%, 1.3%, 1.5% by weight of surfactant (Teepol) was added to the prepared brine solutions respectively.
Flooding procedure
The procedural sequence involves saturating the porous medium with brine and oil followed by water flooding, surfactant flooding and polymer flooding. Each of this process is depicted by the schematic in Figure 1 . 
Brine saturation
The core was mounted on a retort stand and saturated with brine from below with the core holder in vertical position in order to ensure that the air is properly displaced. This is done to avoid three phase flow system.
Oil saturation
The core was flooded horizontally with mineral oil to saturation irreducible water saturation. The water effluent was collected and measured with measuring cylinder. The volume of brine displaced by the oil was measured as the volume of oil in the core assuming compressibility of zero. The oil flooding was continued until water cut was less than 1%. The volume of the water gives the initial oil in place
Water flooding
After oil saturation, water flooding was performed to mimic secondary recovery process. The oil produced by this process was collected and measured.
Surfactant flooding
After water flooding, the oil trapped in the core by capillary forces has to be flooded and mobilised with a chemical slug. The surfactant flooding process was initiated. This basically to lower the IFT but much recovery was not observed. The effluent produced was collected and analysed. The surfactant flooding was performed in eight different experiments on the cores with varying surfactant concentration (0.1%, 0.3%, 0.5%, 0.7%, 0.9%, 1.1%, 1.3%, 1.5%). And in each of the experiment, brine saturation, oil saturation and water flooding were all performed before surfactant slug initiation.
Polymer flooding
After surfactant flooding, polymer flooding was initiated for mobility control. When introduced, the mobilising slug viscosity was increased and this in turn, improved the recovery appreciably. This process was repeated in eight different experiments performed. The oil recovered was collected and analysed.
Results and discussions
This section presents the results obtained from the different experiments performed. Each experiment comprises of three tables. Table 1 depicts the different surfactant concentrations used. 
Flooding results
Table 2(a) shows the water injected, and oil produced during water flooding in experiment (1). At the early time of this process, appreciable recovery was recorded till six minutes, above which no significant recovery was recorded. This necessitates the initiation of surfactant flooding. In Table 2 (b), it is observed that even after eight minutes of surfactant flooding initiation, no significant addition was recorded in the cumulative oil produced. And in the entire process, an oil recovery of 2.3 cc was recorded. This necessitates the need to increase the mobilising slug viscosity to supplement the recovery by IFT reduction. This basically represents the period of time when the capillary forces at the interface separating the two immiscible fluids are being reduced or lowered. Basically, it is the balance between the hydrophobic and hydrophilic portions of the surfactant that gives it the characteristics associated with a surface active agent because this capillary force are being reduced as a result of the fluid structure at the interface being disrupted as the surfactant concentration at that region increases. As the surfactant molecule orient themselves such that the hydrophilic part is directed into the water phase and the hydrophobic part into the hydrocarbon liquid phase. Accumulation of the surfactant in the interfacial zone disrupts the fluid structure in the region and increases (the pressure that is transverse and lies in the plane of the interface) (Green and Willhite, 1998) . Table 2 (c) shows the oil recovered by polymer flooding. Unlike the surfactant flooding process, where the IFT is reduced but mobility is not enhanced. As the polymer slug is introduced, the viscosity of the mobilising slug increases, and this in turn improves the oil recovered. Precisely, this recovers an oil production of 6.2 cc. demonstrated the benefits of maintaining adequate mobility ratio in their work. They showed how viscous fluid appreciably improves oil recovery. The flooding process ends when no significant amount of oil is recovered upon continuous injection of chemical slug. Table 3 (a) shows the water injected, and oil produced during water flooding in experiment (2). At the early time of this process appreciable recovery was recorded till six minutes, above which no significant recovery was recorded. The oil produced by this process is 24.7 cc. Table 4 (a) depicts the values of the water injected, and oil produced during water flooding in experiment (3). It is observed that as this process progresses an appreciable recovery was recorded till about six minutes, above which no significant recovery was recorded. The oil produced by this process is 23.9 cc. Table 4 (c). The oil recovered by this method is 4.6 cc. Table 5 (a) presents the water injected, and oil produced during water flooding in experiment (4). At the early time of this process, appreciable recovery was recorded till six minutes, above which no significant recovery was recorded. The oil produced by the process is 23.8 cc. Table 5 (b) depicts oil recovered and water/surfactant collected in cubic centimetre by surfactant flooding. The cumulative oil recovered is 2.8 cc. As no significant amount of oil is being recovered it becomes necessary to mobilise the formed emulsions by the introduction of polymer flooding. The results obtained by this method are depicted in Table 5 (c). The oil recovered by this method is 5.8 cc. Table 6 (a) shows the water injected, and oil produced during water flooding in experiment (5). It suffices here to say that the observation with respect to water flooding is virtually the same for all the eight experiments. However, the recoveries are different. But in experiments (4) and (5) they are the same. At the early time of this process appreciable recovery was recorded till six minutes, above which no significant recovery was recorded. The oil produced by this process is 23.8 cc. Table 6 (b) shows oil recovered and water/surfactant collected in cubic centimetre by surfactant flooding. The cumulative oil recovered is 3.8 cc. After 16 minutes it becomes due to mobilise the formed emulsions by the introduction of polymer flooding. The results obtained by this method are depicted in Table 6 (c). The oil recovered by this method is 7.3 cc. Table 7 (a) shows the water injected, and oil produced during water flooding in experiment (6). At the early time of this process, appreciable recovery was recorded till six minutes, above which no significant recovery was recorded. The oil produced by this process is 25.1 cc. Table 7 (b) shows oil recovered and water/surfactant collected in cubic centimetre by surfactant flooding. The cumulative oil recovered is 2.6 cc. After 16 minutes it becomes due to mobilise the formed emulsions by the introduction of polymer flooding. The results obtained by this method are depicted in Table 7 (c). The oil recovered by this method is 5.5 cc. Table 8 (a) depicts the values of the water injected, and oil produced during water flooding in experiment (7). At the early time of this process, appreciable recovery was recorded till six minutes, above which no significant recovery was recorded. The oil produced by this process is 25.5 cc. Table 8 (c). The oil recovered by this method is 6.0 cc. Table 9 (a) shows the water injected, and oil produced during water flooding in experiment (8). At the early time of this process, appreciable recovery was recorded till six minutes, above which no significant recovery was recorded. The oil produced by this process is 24.0 cc. Table 9 (b) shows oil recovered and water/surfactant collected in cubic centimetre by surfactant flooding. The cumulative oil recovered is 2.7 cc. After 17 minutes it becomes due to mobilise the formed emulsions by the introduction of polymer flooding. The results obtained by this method are depicted in Table 9 (c). The oil recovered by this method is 6.7 cc. Table 10 depicts the summary of the flooding results, the incremental oil in cubic centimetres and surfactant concentration in percentage by weight of solution. The least surfactant concentration used is 0.1%. At this concentration, the incremental oil recovered is 6.4 cc which is higher than that recovered at surfactant concentration of 0.5% and 1.1% which are 5.9 and 6.3 in cubic centimetres respectively. This suggests that recovery does not necessarily increase with increasing surfactant concentration in the mobilising slug. In this particular reservoir, this revelation or exposure goes a long way in assisting in management decision. Surfactant concentration of 0.3 is also observed to yield more recovery than of 0.5%, 0.7% and 1.1% whose recoveries are 5.9, 7.6 and 6.3, all in cubic centimetres respectively, while that of 0.3 surfactant concentrations is 7.8 cc.
Comparative analysis
Above 0.9% concentration of surfactant which yields the optimum recovery, the recovery falls drastically and increases with time in fluctuation. However, an amount close to that recovered at a concentration of 0.9% was never recorded with this increasing surfactant concentration. And if recorded, it would be more economical to go for a concentration of 0.9%. The optimum surfactant concentration is 0.9% by weight of surfactant in the slug. This yields the highest incremental oil in this field. It is the concentration above which the introduction of more surfactant becomes uneconomical for this particular Niger Delta oil. It's therefore strongly advised that for different fields, samples should be collected for laboratory works before reservoir management decision is made. However, it should be noted that if applied on the field, there might be slight difference in the expected results due to the heterogeneity of the reservoir rock while in the laboratory experiment, the glass beads were use. But this would not have significant effects on the chosen surfactant concentration. In addition, an efficacious technique should be employed to determine the incremental oil while on the field. recently work on this extensively in their use of cubic spline.
Conclusions
The optimum surfactant concentration needed to achieve optimum oil recovery from a Niger delta field has been evaluated. The optimum surfactant concentration is 0.9% by weight of surfactant in the slug. It is the concentration above which the introduction of more surfactant becomes uneconomical for this particular Niger Delta oil. Recovery does not necessarily increase with increasing surfactant concentration in the mobilising slug. In this particular reservoir, this revelation or exposure goes a long way in assisting in reservoir management decision. However, it should be noted that if applied on the field, there might be slight difference in the expected results due to the heterogeneity of the reservoir rock while in the laboratory experiment, the glass beads were used.
